Introduction
Diabetes mellitus (DM) is a global public health problem. In a conservative estimate, the total number of people with DM is projected to rise from 171 million in 2000 to 366 million in 2030 [1] , with T2DM being the most common form of the disease. Although the mechanisms that result in T2DM are complex and as yet not fully understood, some studies suggest that supplementation with zinc may modulate T2DM characteristics, including dyslipidemia, chronic hyperglycemia, and insulin resistance [2, 3] . Omega-3 polyunsaturated fatty acids (n-3 PUFA) also have been reported to have beneficial effects on glycemia and lipidemia [4, 5] , suggesting that the potentially beneficial effects of zinc in T2DM may be augmented by concurrent n-3 PUFA supplementation.
Dyslipidemia is a common feature of the T2DM pathology. The major changes in lipid profile in T2DM are an increase in triglycerides, a reduction in HDL cholesterol, and the increased appearance of small, dense LDL particles, which are particularly susceptible to oxidative modification [6] . Zinc supplementation in T2DM has been reported to decrease total cholesterol and triglyceride concentrations [7] . In our recent meta-analysis, zinc supplementation was associated with an increase in HDL cholesterol concentrations in individuals with T2DM [8] . The mechanism may involve insulin, which has been proposed as an independent predictor of plasma HDL and triglyceride concentrations [9] .
Zinc supplementation has been reported to improve glycemic control in humans with T2DM [10] [11] [12] . Chronic hyperglycemia is consequent upon the decreased secretion or action of insulin, which may explain some of the effects of zinc on glucose homeostasis. Zinc functions in the synthesis, storage, secretion, and action of insulin [13, 14] . In addition, recent evidence has demonstrated a role for zinc in the induction of the PI3K/Akt cascade [15] , a major mediator of insulin signaling.
The effects of long-chain n-3 PUFA supplementation on glycemia and lipidemiain T2DM have been extensively studied. The most consistent effect of supplementation doi: 10.7243/2050-0866-2-3 with eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) on the lipid profile is a decrease in serum triglyceride concentrations in participants with and without hypertriglyceridemia [5, [16] [17] . In contrast, randomised controlled trials have shown adverse effects of supplementation with long-chain n-3 PUFA on glycemic control and insulin sensitivity [18] [19] [20] [21] . Consistent with these findings, a large prospective study recently reported that intakes of marine but not plant-based n-3 PUFA were associated with increased risk of T2DM in women [22] . The effects of non-marine sources of n-3 PUFA on metabolic parameters in T2DM are not clearly defined. Supplementation with alpha-linolenic acid (ALA) from flaxseed oil was not shown to lower triglyceride concentrations in one study in T2DM [23] , although it has been shown to do so in a healthy population [24] . The effects of zinc and n-3 PUFA, administered jointly, on hyperglycemia and dyslipidemia in DM are presently unknown.
The present trial was designed to follow up the finding in our meta-analysis of an association between zinc supplementation and an increase in HDL cholesterol concentrations in T2DM [8] and to explore the effects of concurrent zinc and n-3 PUFA supplementation in this population. Specifically, it aims to investigate the effects of zinc, with and without ALA supplementation, on HDL cholesterol concentrations in postmenopausal women with T2DM, as well as on other lipid levels (total cholesterol, LDL cholesterol, triglycerides) and markers of glycemia (glucose, HbA1c, insulin). A second aim is to explore the relationships among plasma zinc concentrations, glycemic markers, and lipid outcomes.
Materials and Methods

Study population
Women with T2DM were contacted and invited to participate in the trial by use of established mailing lists of DM organisations. In addition, the study was advertised in local Sydney newspapers, through medical and dietetic practices, and around the University of Sydney campus. Women who indicated an interest in enrolling in the study were sent detailed information about the trial and an initial questionnaire to complete and return for the determination of eligibility.
The primary inclusion criteria required participants to be postmenopausal women (no menses for > 12 mo) with T2DM (controlled either by diet and lifestyle or oral hypoglycemic medication prescribed within the previous 7 y) and a normal Glomerular Filtration Rate and microalbumin/creatine ratio. The requirement that participants be postmenopausal was intended to reduce confounding by estrogen fluctuations, which may influence zinc homeostasis [25] . Exclusion criteria were: diagnosis with any current major illness (e.g. cancer, coronary heart disease) other than DM; the use of insulin; tobacco use; and the taking of prescription medications known to interact with zinc (e.g. medications for depression). The use of first line preventative medications for the treatment of diabetic comorbidities (such as HMGCoA reductase inhibitors (statins) for hypercholesterolemia and ACE inhibitors for hypertension) was not an exclusion criterion. Women on hormone replacement therapies were excluded, with the exception of thyroxine which was permitted (pursuant to medical advice) provided the dose was stable over more than 6 months. Potential participants were advised that they would be expected to refrain from giving blood donations and from the use of all nutritional supplements (excluding trial supplements) in the 6 weeks prior to the trial and throughout the trial period.
The Human Research Ethics Committee of the University of Sydney approved the study protocol and all participants provided written informed consent. The protocol was registered at www.clinicaltrials.gov (NCT01505803).
Randomization and intervention
The study was a randomized, double-blind, placebocontrolled trial conducted over 12 weeks. Participants, the trial coordinator and personnel, and outcome investigators were blinded to treatment allocation. Eligible participants were randomized into four equal groups according to a computer-generated random-number sequence to receive a total of 40 mg/d elemental zinc ('Zn group'), 2000 mg/d flaxseed oil ('ALA group'), both zinc and flaxseed oil ('Zn+ALA group'), or placebo. The zinc dose of 40 mg/d was selected as it represents the upper level of recommended zinc intake [26] and is similar to the median zinc dose (50 mg/d) used in T2DM supplementation trials in our meta-analysis investigating the effects of zinc on plasma lipoprotein cholesterol concentrations in humans [8] . The adequate intake of ALA in adult women is defined as 800 mg/d [26] ; 2000 mg flaxseed oil provides 1200 mg ALA. Study treatment was given as four capsules to be taken daily. In order to minimize the potential for side effects and enhance absorption in those receiving zinc [27] [28] , participants were instructed to consume the trial supplements in two equal parts (one part in the morning, one part in the evening, before food). Zinc and flaxseed oil capsules differed in appearance and so each had a matching placebo. Zinc active and placebo capsules were prepared by a compounding pharmacist (Health Information Pharmacy, Balmain, Sydney, Australia). Each zinc active capsule comprised a clear shell containing 20 mg of elemental zinc (in the form of zinc sulphate monohydrate; Blackmores Ltd, Sydney, Australia) and cellulose filler as required, resulting in a capsule of white appearance; zinc placebo capsules contained cellulose and were identical in appearance to their active counterparts. ALA active capsules (Blackmores Ltd, Sydney, Australia) each comprised an opaque black shell containing 1000 mg of flaxseed oil (equivalent to 600 mg ALA). ALA placebo capsules (Catalent Australia Pty Ltd, Victoria, Australia) doi: 10.7243/2050-0866-2-3 utilized an identical opaque black shell filled with 1000 mg of olive oil. The fatty acid composition of the olive oil was: palmitic acid 9.7%; stearic acid 2.5%; oleic acid 74.5%; linoleic acid 11.4%; ALA 0.7%. The capsules were tasteless and the organoleptic properties of the oils were unable to be distinguished. Quality control was conducted at the beginning of the study to verify supplement content. Capsules were packaged in 4-weekly lots (60 capsules), labeled with coded assignment numbers, and dispensed at baseline, week 4, and week 8.
Compliance with the intervention was assessed by capsule counting at weeks 4, 8, and 12. A questionnaire was administered at each follow-up appointment to ascertain self-reported compliance and to determine whether participants were experiencing any positive or negative effects that they attributed to the supplements.In addition, participants were questioned at baseline and at each time point to ensure that no nutritional supplements (other than trial supplements) were consumed in the 6 weeks prior to the trial and throughout the trial period.
Collection of descriptive information
Height (to ±0.1 cm) was measured at baseline with a wall-mounted stadiometer and body weight (to ±100 g) was measured with an electronic calibrated scale at each appointment for the determination of BMI (kg/m 2 ). Data on age, change in weight over the 3 month period preceding the study, time since DM diagnosis and current management strategies, family history of DM, and usual alcohol consumption were self-reported at baseline.
Collection of dietary information
Participants completed two non-sequential estimated food records (one weekday record and one weekend day record) in the 7 day period prior to their participation in the study for the assessment of baseline dietary intake. This process was repeated in the 7 day period prior to the final appointment for the assessment of week 12 dietary intake. Participants were instructed as to the appropriate days on which to record their food intake and provided with food record templates and detailed guidelines on how to complete them. The research dietitian checked each record in the presence of the participant for consistency and completeness. Food records were analysed (Foodworks, Professional Edition 2009; Xyris Software, QLD, Australia) for the determination of energy, protein, fat (total, saturated (SFA), monounsaturated (MUFA) and polyunsaturated (PUFA) fatty acids), carbohydrate, dietary fibre, alcohol and zinc intakes. The results from the two food records at each time point were averaged to obtain the final baseline and week 12 nutrient intake values.
Blood collection
Venous blood samples were collected from participants at each time point after an overnight fast of at least 10 hours.
Serum gel tubes were used for cholesterol, triglycerides, glucose, and insulin analyses, EDTA tubes for analysis of HbA1c, and trace metal tubes (Becton Dickinson) for plasma zinc analysis. Blood collection procedures were in accordance with the guidelines of the International Zinc Nutrition Consultative Group [29] .
Cholesterol and triglycerides
Total cholesterol, HDL-cholesterol, and triglycerides were measured on a Modular PPE auto-analyzer (Roche Diagnostics, Basel, Switzerland) using enzymatic colorimetric methods [30] [31] [32] . The measuring range of each assay was 0.08-20.7 mmol/L, 0.08-3.10 mmol/L, and 0.05-11.3 mmol/L, respectively. The inter-and intra-assay co-efficients of variation were <2.1% for total cholesterol and HDL-cholesterol and < 3% for triglycerides. LDL cholesterol was estimated using the SI version [33] of the Friedewaldequation [34] .
Glucose, insulin, HOMA-IR, HbA1c
Glucose was measured by glucose hexokinase UV method [35] using the Gluco-quant reagent kit adapted for a Modular PPE auto-analyzer (Roche Diagnostics, Basel, Switzerland), according to the manufacturer's instructions. The inter-and intra-assay coefficients of variation for glucose were < 2.8%, with a measuring range of 0.11-41.6 mmol/L. Insulin was determined using a chemiluminescent microparticle immunoassay [36] on an Architect i2000SR Analyzer (Abbott Laboratories, Abbott Park, IL, USA). The measurement range for the insulin assay was 1.0 μU/ mL-300.0 μU/mL, with inter-and intra-assay coefficients of variation < 2.1%. Insulin resistance was estimated using the homeostasis model assessment (HOMA-IR) calculation: fasting glucose (mmol/L) x fasting insulin (mU/L) / 22.5 [37] ; insulin conversion factor,1 mU/L = 6.00 pmol/L insulin. Hemoglobin A1c (HbA1c) was assayed using ion-exchange high performance liquid chromatography (HPLC) on a Variant II analyzer equipped with the Variant II NU Program (Bio-Rad Laboratories, Hercules, CA, USA), according to the manufacturer's protocol. All samples returned results within the reportable linear range (3.1-18.5%); within run and between run coefficients of variability were < 1.7%. The equation describing the conversion of HBA1c to SI Units is: IFCC-HbA1c (mmol/mol) = [DCCT-HbA1c (%) -2.15] x 10.929.
Plasma zinc
Plasma from trace metal tubes was prepared by centrifugation at 4˚C for 10 min at 3000 rpm and stored at -80°C until further analysis. Plasma zinc was determined using inductively coupled plasma mass spectrometry (Agilent 7500ce ICPMS, Santa Clara, CA). Samples were diluted (1:40) in ammonium EDTA using rhodium as an internal standard and measured against a matrix-matched standard curve prepared in the same dilution. Samples were analyzed in duplicate in a single batch (coefficient of variation < 5%) doi: 10.7243/2050-0866-2-3 and appropriate quality control sera were utilized (Trace Element Control Serum, UTAK Laboratories, Inc, Valencia, CA).
Statistical methods
The planned enrollment of 48 participants (10 participants per intervention group and allowing for an attrition rate of 20%) was projected to detect a 10% increase in the serum HDL concentration with 80% power and a standard deviation of 6.4% using a test with 5% level of significance. Sample size projections were based on the results of our previous meta-analysis investigating the effects of zinc on plasma lipoprotein cholesterol concentrations in humans, which demonstrated an increase in HDL cholesterol in T2DM [8] .
Participant characteristics are described using mean ± SD for descriptive variables (age, BMI, time since DM diagnosis), proportions for categorical data (use of medications), and mean ± s.e. for estimates (dietary intakes, biochemical measures). Differences in group means at baseline were investigated using ANOVA for continuous data and the Pearson chi-square test for categorical variables. Repeated measures ANOVA of each factor by treatment group was undertaken, with a Greenhouse-Geisser adjustment for asphericity. In secondary analyses, the significance of the change in the mean value for each variable (week 12 -baseline) was calculated within each group using paired student t-tests. Bivariate correlations between biochemical measures were calculated using the Pearson correlation coefficient.
Statistical analyses were carried out using SPSS (PASW) version 18 (SPSS Inc,www.spss.com). The assumptions of normality and homoscedasticity of residuals were satisfied in the analyses. A value of P< 0.01 was taken to designate statistical significance, with 0.01 ≤ P< 0.05 indicating marginal significance. We took a conservative approach and interpreted P<0.05 as statistically marginal due to the large number of test results under investigation. Figure 1 shows the trial profile. Of 306 potential participants who indicated interest in enrolling in the study, 87 returned eligibility questionnaires. Twenty-two women did not meet the eligibility criteria, 12 women declined to participate despite being eligible, and 5 others withdrew their interest due to unexpected caregiver responsibilities or other family-related reasons. Forty-eight women were enrolled in the trial.
Results
Forty-three participants completed the trial and were included in the statistical analysis. A 'complete case' analysis was preferred to a strict intention-to-treat approach as only baseline data were available for four of the five participants lost to follow-up, making it difficult to justify the imputation of missing data for weeks 4, 8 and 12. The frequency and causes of participant withdrawal from the trial did not relate to any particular treatment.
The age and BMI of the 43 participants who completed the trial were 65.0 ± 7.8 y (mean ± SD) and 28.6 ± 5.1 kg/ m 2 ,respectively. The average time since diagnosis of T2DM was 6.5 ± 5.2 y. Participants reported taking oral hypoglycaemic (63%), lipid lowering (72%), and other prescription medication (67%). Three participants did not take any medication. There were no significant differences in the baseline characteristics ( Table 1) or dietary intakes ( Table 2 ) of participants after randomization into intervention groups, however the proportion of participants who reported taking oral hypoglycaemic agents tended to be lower in the ALA group (P=0.07). Overall compliance with the interventions (based on capsule counting and participant self-reporting) was 94.1 ± 5.6%, with no significant differences between groups.
Glycemic and lipidemic markers
Serum concentrations of the glycemic and lipid measures in the four intervention groups at baseline were within their respective reference intervals, except for HbA1c which was above the normal range ( Table 3) . Using repeated measures analysis of treatment by group, no significant effects of zinc and ALA supplementation on serum concentrations of the glycemic and lipidemic markers were observed. The differences in the Zn group between initial (week 0) and final (week 12) HDL cholesterol levels and the TC:HDL ratio were marginally significant (-0.1 ± 0.04 mmol/L and +0.1 ± 0.1, respectively; P=0.04). In the placebo group, 
Plasma zinc
In all four groups, plasma zinc values were within the reference range (10 -18 µmol/L). Repeated measures analysis by group identified a marginal (P=0.056) effect of treatment on plasma zinc. In the Zn group, the difference in the plasma zinc concentration at week 12 compared to baseline was +2.8 µmol/L (P=0.002); after Zn+ALA supplementation the increase was +2.4 µmol/L (P=0.019) (Figure 2 ).
Relationships among biochemical measures
A number of bivariate correlations were observed between Repeated Measures analysis (factor*group P-value with Greenhouse-Geisser adjustment for asphericity). 
Discussion
The present RCT was designed to investigate the effects of zinc, with and without n-3 PUFA supplementation, on markers of lipidemia (total cholesterol, HDL cholesterol, LDL cholesterol, triglycerides) and glycemia (glucose, HbA1c, insulin) in postmenopausal women with T2DM. In particular, we sought to confirm the finding of our previous meta-analysis [8] that zinc supplementation was associated with an increase in HDL cholesterol concentrations in populations with T2DM.
In the present trial in T2DM, no significant differences were observed between groups in measures of glycemia or lipidemia after zinc and/or ALA supplementation. Participants supplemented with zinc demonstrated a decrease in the HDL cholesterol concentration and an increase in the TC:HDL ratio at 12 weeks compared to baseline. In contrast to our expectation of an increase in HDL cholesterol levels in T2DM, the changes in the lipid profile in the present trial are analogous to those observed in the meta-analysis in healthy populations, which exhibited a reduction (-0.1 mmol/L) in HDL cholesterol in response to zinc [8] . The participants in the present study represent a population with medically-controlled T2DM; a normalising effect of medications prescribed in the first-line treatment of T2DM may explain why this group is comparable to healthy subjects in their metabolic responses to zinc.
The effect of zinc supplementation on cholesterol may differ depending on the underlying zinc status of participants. In a Sri Lankan T2DM population with a dietary zinc in take (3.5 mg/d) below estimated average requirements and plasma zinc concentration (9.3 µmol/L) below the normal range, zinc supplementation significantly increased the plasma zinc concentration (+12.7 µmol/L) and lowered serum total cholesterol [11] . In the present study, no significant change in total cholesterol was observed. The dietary zinc intake (11.8 ± 4.2 mg/d) of participants in the present study met the recommended daily intake for women (8 mg/d) and the plasma zinc concentration (12.9 ± 2.0 µmol/L) was within the reference interval. The increase in plasma zinc (+2.8 µmol/L) after zinc supplementation for 12 weeks was comparable to that reported in healthy participants in our meta-analysis (+2.4 µmol/L), supporting the suggestion that supplementation with zinc has effects in medically-controlled T2DM that are similar to its effects in a healthy population.
Associations between the change in HbA1c levels after 12 weeks and the change in the HDL cholesterol concentration were observed in participants supplemented with zinc or ALA, but in different directions. An inverse relationship was seen in the zinc group and a positive relationship in the ALA group, such that a 1% increase in HbA1c was associated with a decrease in HDL cholesterol concentration of -0.2 mmol/L in the women supplemented with zinc and a 0.5 mmol/L increase in participants supplemented with ALA. When zinc and ALA were administered concurrently, the ALA effect was moderated; the increase in HDL was 0.3 mmol/L for each 1% increase in HbA1c and the relationship was of marginal significance. HDL particles are reported to have properties that are independent of their involvement in cholesterol homeostasis, including the ability to influence insulin sensitivity [38] . Further, HDL cholesterol has been shown to be associated with cardiovascular risk independently of other known risk factors [39] . The association between changes in the concentrations of HDL cholesterol and HbA1c, which differed according to treatment, warrants further investigation.
The decreases in insulin and insulin resistance (estimated using the HOMA-IR index) observed in the placebo group over the course of the trial were unexpected. The reason for the observed changes is unclear but the potential for a placebo effect should be considered. In a previous trial investigating the effect of n-3 PUFA on lipoprotein and glucose metabolism in T2DM, participants supplemented with olive oil (10 g/d) as placebo demonstrated decreases in VLDL triglycerides and total cholesterol concentrations. In addition, peripheral insulin sensitivity tended to decrease during n-3 PUFA treatment and to increase during the administration of placebo, with the changes under the two regimes being significantly different [20] . Although the amount of olive oil administered to the placebo group was lower in the present study, the possibility that it conferred favourable effects in T2DM cannot be ruled out.
A number of limitations of the present study may have contributed to the lack of observed differences between doi: 10.7243/2050-0866-2-3 groups in measures of glycemia or lipidemia after zinc and/or ALA supplementation. In particular the sample size, which was calculated to detect an increase in HDL cholesterol in response to zinc [8] , may have been too small to demonstrate differences between groups in biomarkers other than HDL cholesterol. Further, the dose of ALA may not have been large enough to produce measurable effects. Fasting serum insulin can provide valuable data on the relationship of insulin sensitivity to risk factors for T2DM and cardiovascular disease in large epidemiological studies, however its usefulness in other settings has been questioned [40] .
Conclusions
The present RCT did not demonstrate beneficial effects of zinc, with or without ALA supplementation, on glycemia and lipidemia in a population with medically-controlled T2DM, adequate dietary zinc intake, and plasma zinc concentrations within the reference interval. In contrast, the decrease in HDL cholesterol concentrations observed with zinc supplementation was similar to that reported in healthy populations in our previous meta-analysis [8] . Medications commonly prescribed in the first-line treatment of T2DM may normalise metabolic responses to zinc in a population with adequate zinc intake. 
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